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The adsorption of aromatic molecules on metal surfaces leads to a complex reorganization of the molecular and
metal wave functions. Various processes such as charge transfer, hybridization between molecular and metallic
states, and the formation of dispersing bands within the interface have been demonstrated for organometallic
interface systems. For the model molecule 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA), we
compare highly ordered monolayers on Ag(110) and Cu(100), which allows us to identify changes of the
interfacial electronic structure when altering the coupling strength with the substrate by means of angle-resolved
photoelectron spectroscopy. The stronger coupling to the Ag(110) substrate goes along with a shorter photohole
lifetime and a stronger hybridization of the NTCDA lowest unoccupied molecular orbital with metal states.
Supported by ab initio calculations, we show that the observed band dispersion is greatly enhanced due to
the interaction with Ag(110) while the laterally denser adsorption geometry of NTCDA on Cu(100) entails a
larger intermolecular wave-function overlap, and the presence of the substrate results in no further bandwidth
enhancement.
DOI: 10.1103/PhysRevB.88.075437 PACS number(s): 33.60.+q, 73.20.Hb, 68.43.Pq, 79.60.Dp
I. INTRODUCTION
Organic semiconductors are particular materials for active
layers in optoelectronic devices. Low-cost production, effec-
tive light absorption and emission, as well as the tunability
of the molecular building blocks make them interesting for
various applications.1–4 However, in addition to the molecular
properties, interfaces to metallic contacts are decisive for
the device performance. Especially, the charge injection and
extraction and the transport in the vicinity of the contact in-
terface are crucial for the electronic properties of the resulting
organometallic systems. In the case of large π -conjugated
molecules, a multitude of publications report on interfaces to
different metals.5–11 Some parameters such as charge injection
barriers or ionization potentials can be straightforwardly deter-
mined from photoelectron spectroscopy (PES).12–14 Moreover,
the bonding at metal-organic interfaces also leads to the gener-
ation of novel states,5,15–19 which are due to the hybridization
of metal and molecular wave functions. These can be identified
and characterized by angle-resolved PES (ARPES).20,21
Here we study the well-known model system
1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA)
on Ag(110) and Cu(100) single-crystal surfaces by means
of ARPES. Supported by calculations within the framework
of density-functional theory (DFT), we show that the
hybridization at metal-organic interfaces can be the source
of very particular phenomena in the electronic structure. In
the case of NTCDA/Ag(110) a strong interfacial bonding
occurs, which involves a marked hybridization of the
NTCDA lowest unoccupied molecular orbital (LUMO)
with metal states and a substrate-mediated delocalization
of the resulting hybrid state. The latter manifests itself in
an increased lateral band dispersion of the LUMO21 and a
shorter lifetime as evidenced by an enhanced peak width.
Considering experience with similar systems,7,22 the bonding
in the case of NTCDA/Cu(100) is expected to be even
stronger. Interestingly, however, we find that the lateral band
dispersion for NTCDA/Cu(100) is mainly a result of the direct
intermolecular interaction due to the much denser packing of
the molecules as compared to NTCDA/Ag(110). Thus, while
the magnitudes of the observed band dispersions on the two
substrates are quite similar, the underlying physics involved
in hybridization and lateral band formation are quite different.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
All experiments were performed in an ultrahigh vacuum
system with a base pressure of 5 × 10−10 mbar. The NTCDA
films were prepared in an attached preparation chamber by
organic molecular-beam deposition with a deposition rate
of about 0.8 monolayer (ML)/min onto clean and well-
ordered Ag(110) and Cu(100) single-crystal surfaces23 at room
temperature.
The ARPES measurements were obtained with a
monochromatized UV lamp for He IIα radiation (hν =
40.8 eV) and with radiation from the HiSOR synchrotron
at beamline 9 A. Together with a hemispherical photoelec-
tron analyzer (Scienta SES200, R4000) the overall energy
resolution was on the order of about E = 10 meV. With
this setup the angle-resolved data were recorded by rotating
the sample around the manipulator axis as indicated by the
arrows in Fig. 3. The k‖-dependent photoemission intensity
distributions have been obtained at the NanoESCA beamline
at Elettra24 using a FOCUS GmbH/Omicron NanoESCA
electron spectrometer.25,26 The setup includes a nonmagnetic,
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FIG. 1. (Color online) Low electron energy diffractograms of
1 ML NTCDA (a) on Ag(110) using 51 eV and (d) on Cu(100) using
55 eV of electron-beam energy. (b), (e) Corresponding lateral real
space models. The unit cell of each structure is indicated by the black
arrows, and the substrate high-symmetry directions are indicated
by the blue arrows. (c), (f) Calculated adsorption geometry of the
NTCDA molecule on the two substrates (c) Ag(110) and (f) Cu(100).
electrostatic photoelectron emission microscope and an aber-
ration compensated double-pass hemispherical analyzer. This
instrument is equipped with a transfer lens behind the
immersion lens objective to map the angular distribution of
the photoelectrons by imaging the focal plane. A detailed
description of the measurement and evaluation process can
be found in Ref. 27.
Figure 1 shows the low-energy electron-diffraction (LEED)
diffractograms of 1 ML NTCDA on Ag(110) (a) and on
Cu(100) (d). On both substrates it is well known that the
molecules grow in highly ordered brickwall arrangements. For
the Ag(110) substrate a ( 3 01 3 ) superstructure can be observed
with one molecule and an area of 106.4 A˚2 per unit cell.28
The resulting real space model is sketched in Fig. 1(b).
The brickwall arrangement found on Cu(100) is somewhat
different. The LEED [Fig. 1(d)] features a superstructure
given by ( 2 −32 3 ) associated to a denser monolayer with one
molecule and 76.2 A˚2 per unit cell. The respective real space
model is given in Fig. 1(e). In contrast to NTCDA/Ag(110),
two possible orientations of the molecular domains exist on
Cu(100) due to the fourfold symmetry of the latter substrate.
DFT calculations for NTCDA/Ag(100) and NTCDA/Cu(100)
are carried out with the VASP code29,30 using a generalized
gradient approximation for exchange-correlation effects31 and
empirical van der Waals corrections according to Grimme.32
The projector augmented waves33 approach was used, allowing
for a relatively low kinetic-energy cutoff of about 400 eV.
The Ag(110)/Cu(100) substrates are modeled by six layers of
Ag/Cu, respectively, with an additional vacuum layer of about
16 A˚. For NTCDA/Ag(110) and NTCDA/Cu(100), we use
Monkhorst-Pack34 k-point grids of 8 × 6 × 1 and 8 × 8 × 1,
respectively, and a first-order Methfessel-Paxton smearing of
0.2 eV.35 To avoid spurious electrical fields, a dipole layer is
inserted in the vacuum region of the asymmetric slab.36 For the
evaluation of the band dispersion of molecule-derived bands,
we analyze the k-resolved density of states projected onto the
molecular orbital under investigation.
The ARPES momentum space patterns of the highest
occupied molecular orbital (HOMO) and LUMO have been
calculated for a free-standing NTCDA molecule by assuming
a plane-wave final state following a procedure described
previously.37 For these computations the planar geometry of
an isolated NTCDA molecule has been assumed. We note that
the geometrical deformations of the molecule caused by the
adsorption on the metallic surface38 induce only minor changes
in the HOMO and LUMO k-space patterns as has been shown
for the similar PTCDA/Ag(110) system.39
III. RESULTS AND DISCUSSIONS
A. Photoemission line shape
Figure 2 shows a comparison of PES spectra recorded
for NTCDA/Ag(110) (top) and NTCDA/Cu(100) (bottom) at
k[001] = 0, k[110] = 1.5 A˚−1 and at k[110] = 0, k110 = 1.7 A˚−1,
respectively. In case of NTCDA/Ag(110) two signals origi-
nating from the adsorbate molecules can clearly be identified.
The signal at binding energy EB = 2.4 eV can be associated
with the HOMO. The peak at EB = 0.5 eV only appears in
PES spectra from the first monolayer and can be attributed
to the LUMO, which is occupied by charge transfer from
the substrate.5,15,20 This is unambiguously demonstrated by
the k‖-dependent photoelectron intensity distributions shown
in Fig. 3. As demonstrated in literature and by the Fourier
transforms of the NTCDA HOMO and LUMO shown in
Fig. 3, the intensity patterns can be interpreted as the square
of the Fourier transforms of the wave function in real space,37
which allows a straightforward identification of the respective
molecular orbitals.20,27,40,41 Additionally, Fig. 3 clarifies at
which positions in k space the PES spectra of Fig. 2 were
recorded. The gray (white) point indicates the k‖ position of
one of the intensity maxima of the LUMO for NTCDA on
Ag(110) [Cu(100)]. The LUMO also has a binding-energy
minimum at these positions in k space (see Sec. III C for
details). Note that the HOMO shows only weak PES intensity
at this position due to the different orbital symmetry which is
evident from Fig. 3.
While the HOMO cannot straightforwardly be identified for
NTCDA/Cu(100) since it is superimposed by the very intense
onset of the Cu-3d states starting at about EB = 2.0 eV, the
occupied LUMO appears at EB = 0.66 eV, i.e., at a slightly
larger binding energy compared to the monolayer on Ag(110).
Additional information can be derived from an analysis of
the line shape of the molecular signals. It is well known that for
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FIG. 2. (Color online) PES spectra for NTCDA/Ag(110)
recorded at hν = 36 eV, k110 = 1.5 A˚−1, T = 100 K (top) and for
NTCDA/Cu(100) recorded with He IIα radiation, k110 = 1.7 A˚−1,
T = 60 K (bottom). Below the spectra the results of peak fit analyses
of the respective signals using three vibronic states are displayed.
The sum curves derived from the fits are plotted as red lines. See text
for details.
organic solids the line shape of PES signals is determined by
several mechanisms.43 For the two well-ordered monolayer
systems NTCDA on Ag(110) and on Cu(100), however, we
can certainly assume that the influences of inhomogeneities
and defects are similar and can thus be neglected in a rela-
tive comparison. Line-shape differences can then be mainly
assigned to two effects: the hole-vibration coupling44–47 and
the lifetime of the photohole.45 While the former leads to a
typical asymmetry of the PES signals from molecular states,
the latter manifests itself in a Lorentzian contribution to the
line shape. Several publications demonstrate the potential of
a PES line-shape analysis based on a single-mode analysis
to determine vibrational energies, hole-vibration coupling
parameters,44–46 and hole lifetimes.48,49 The majority of that
work has been done for very well-ordered molecular layers on
weakly interacting substrates such as highly oriented pyrolytic
graphite (HOPG).
We applied a similar analysis to our data. The PES
signals were fitted by vibrational progressions of Voigt peaks.
Constraints were utilized such that the peak-to-peak distances
Evib and Lorentzian linewidths (L) are identical within each
progression. During the fit analysis the Gaussian contribution
(G) to the line shape turned out to be much smaller than
the (L) contribution, rendering a quantification insignificant.
(G) was thus fixed in the further analysis to a value of 91 meV,
which was derived from PES experiments in the gas phase.42
Figure 2 shows the result of these fits on the HOMO and
FIG. 3. (Color online) Calculated (a), (d) real space and (b), (e)
Fourier space representation for a kinetic energy of 50 eV of the
HOMO (left) and LUMO (right) of an isolated NTCDA molecule. (c),
(f) Respectively, the k‖-dependent photoelectron intensity patterns
recorded within a binding-energy window of E = 200 meV for
the (c) HOMO and (f) LUMO of NTCDA/Ag(110) (hν = 55 eV,
p polarization, room temperature). The black arrows illustrate the
direction at which the ARPES momentum distributions of Fig. 4
were derived. The gray and white points indicate the k‖ positions of
the LUMO binding-energy minima referred to in Fig. 2. See text for
details.
LUMO signals plotted below the respective PES spectra. The
fitting parameters are summarized in Table I. For all three
signals three vibrational states can be resolved. The spacing
Evib of the vibronic peaks is around 140 meV in all three cases.
In the gas phase the NTCDA HOMO shows a slightly larger
peak separation of 153 meV.42 A similar behavior has been
observed for other adsorbate systems such as pentacene, which
shows 158 meV on HOPG compared to 167 meV in the gas
phase. In the latter case this softening of the vibronic potential
was related to the molecule-substrate electronic coupling49–52
and an explanation along this line may also be considered in
our case. The relative intensities of the vibronic components,
which are described by the Huang-Rhys factor S, is closer to
the gas phase value for NTCDA adsorbed on Cu than on Ag.
The resulting reorganization energies λ for NTCDA, derived
by λ = 2 · Shν,45 are 107 and 108 meV for the LUMO and
HOMO on Ag(110), respectively. For the LUMO on Cu(100)
a value of 126 meV can be determined, while λ = 160 meV
for the HOMO in the gas phase.
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TABLE I. Fitting coefficients for the deconvolution of the
NTCDA HOMO and LUMO signals. EB gives the binding energy of
the lowest vibronic state, Evib gives the spacing within the vibronic
progressions, (L) gives the Lorentzian FWHM, and (G) gives
the Gaussian FWHM contribution to the utilized Voigt profiles.
The Huang-Rhys factor S was determined from the intensity ratio
of the respective 0-0 and 0-1 transitions. The gas phase parameters
were extracted from Ref. 42.
EB Evib (L) (G)
(eV) (meV) (meV) (meV) S
HOMO Ag(110) 2.44 140 ± 30 190 ± 50 91 0.40
LUMO Ag(110) 0.50 135 ± 15 427 ± 30 91 0.41
LUMO Cu(100) 0.66 145 ± 15 270 ± 30 91 0.54
HOMO gas ph.42 – 153 ± 4 37 91 0.51
An even larger difference between the different PES
signals becomes apparent if the Lorentzian widths (L)
are compared. (L) is much larger for the LUMO in the
case of NTCDA/Ag(110) (427 meV) than in the case of
NTCDA/Cu(100) (270 meV) and also much larger than for
the HOMO on Ag(110) (190 meV) and for the HOMO of
the isolated molecule (37 meV42). In the simplest approach,
(L) can be related to the lifetime of the photohole and
an upper limit for the lifetime can be calculated using the
uncertainty relation.45,53 Consequently, differences in (L)
can be related to differences in the coupling between the
photohole and the substrate electrons. Note that the spectra
were derived by integrating over a k‖ range of k = 0.1 A˚−1.
The resulting influence of the intermolecular band dispersion
can be estimated to be smaller than 50 meV and very similar
for both systems (see also Sec. III C). Moreover, the effect of
electron-phonon coupling can be ruled out to be dominating
in this case since it leads to a slight increase of the linewidth
with increasing energetic distance from the Fermi energy.54 A
possible explanation for the observed shortest lifetime for the
LUMO in the case of NTCDA/Ag(110) can be given on the
basis of the coupling between the molecular electronic system
and the substrate. According to this argument, this coupling
would be strongest in the case of NTCDA/Ag(110).
B. Parallel momentum dependent intensity distribution
As insightfully demonstrated on the example of the sim-
ilar molecule 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) on Ag(110) and on Ag(111) surfaces,20 the interfa-
cial bonding and charge transfer go along with a hybridization
of molecular states, in particular the LUMO, with substrate sp
states. This hybridization can be experimentally detected in the
momentum distribution curves in the ARPES data. The mo-
mentum dependent patterns are immediately connected to the
respective molecular wave functions and can—under certain
preconditions—be interpreted as a simple Fourier transform
of the molecular orbital.37 For the chemisorbed PTCDA
molecules additional intensity can be observed in the normal
emission direction, which is not explained by calculations for
the LUMO of the isolated molecule and which can be attributed
to a metal sp contribution due to the hybridization between the
molecule and metal.20,39 The situation for NTCDA/Ag(110) is
FIG. 4. (Color online) ARPES momentum distribution curves for
the LUMO of NTCDA/Ag(110) with hν = 36 eV at T = 100 K
(black line), compared to the LUMO of NTCDA/Cu(100) recorded
at T = 60 K using He IIα radiation (red line). The curves have been
normalized on the intensity maximum around 1.7 A˚−1. The blue line
represents the respective DFT calculation for an isolated NTCDA
molecule. The gray shaded areas indicate photoemission signals from
Cu/Ag sp bands.
very similar.15,21 This is illustrated by Fig. 4, which captures
the ARPES intensity distribution of the NTCDA LUMO on
Ag(110) (black line) recorded at a binding energy of 0.50 eV
along the k110 direction, i.e., from  toward the intensity
maximum of the LUMO (see Fig. 5).55 Compared to the
calculation of the isolated molecule shown in blue, two distinct
deviations can be detected. The first one regards the width
of the maximum around k = 1.6 A˚−1, which is significantly
smaller for both experimental curves. This is owed to the
fact that the momentum distribution curves were determined
by integrating over a binding-energy interval of 50 meV,
which is smaller than the intermolecular band dispersion
(discussed in detail in Sec. III C). The second deviation
of the experimental curves from the calculation for the
isolated molecule regards the ARPES intensity at kx = ky = 0,
which does not occur in the DFT calculation. Note that this
experimental finding is not influenced by the chosen energy
window for integrating the data. As demonstrated in literature
for the similar system PTCDA/Ag(110)20 this intensity can
be taken as a signature for the hybridization of the NTCDA
LUMO with substrate sp states. Interestingly, the LUMO in
the case of NTCDA/Cu(100) also shows ARPES intensity in
normal emission (red line in Fig. 4). However, a comparison
of the respective data shows that the substrate contribution
is significantly smaller than in the case of NTCDA/Ag(110).
Note that this contribution is not visible in the k‖-dependent
intensity distribution in Fig. 3, since the incident light is purely
p polarized in this case while it is a mixture of s and p in the
case of Fig. 4.
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FIG. 5. (Color online) Angular photoemission intensity distribu-
tion calculated for the LUMO of an isolated NTCDA molecule. For
the monolayer on Cu(100), two domains with an angle of 90◦ exist.
Next to the emission from one domain shown in the color code, the
photoemission k‖ distribution of the second domain is shown as a
contour plot. Its emission features are therefore also rotated by 90◦
against the features of the first domain. For measurements along the
[001] direction, only one domain contributes at k[001] = 0 A˚−1.
A quantitative measure of the relative admixtures can
be error prone, since the intensity of the hybridization
states is dependent on the orientation of the polarization
vector to the molecular coordinates.20,27,39 For one domain of
the NTCDA/Cu(100), the orientation is identical with
NTCDA/Ag(110); for the other domain, the relevant in-plane
polarization component is orthogonal. Since the normalization
of Fig. 4 is performed on the LUMO maximum around
ky = 1.7 A˚−1, an upper limit of this geometrical factor
can be derived from the case, that both domains contribute
equally to the hybridization state at the center. But even when
taking into account this factor of 2 for NTCDA/Cu(100), the
relative strength of the normal emission intensities observed
for Ag(110) and Cu(100) remains unchanged. This stronger
admixture of substrate states to the LUMO in the case
of NTCDA/Ag(110) corroborates the findings of a reduced
hole lifetime and thus stronger coupling between molecular
orbital and substrate electrons in this system with respect
to NTCDA/Cu(100), which we derived from the line-shape
analysis above.
C. LUMO dispersion
Figure 6 displays the LUMO regime of the ARPES data of
NTCDA/Ag(110) [Fig. 6(a)] and NTCDA/Cu(100) [Fig. 6(b)]
plotted against parallel momentum along the k110 and k001
direction, respectively, thus probing the dispersion along
the short molecular axes. To overcome the strong angular
intensity variation of π -conjugated molecules,20,39 we rescaled
the photoemission intensities for each measured polar angle
separately by normalizing it to the average intensity within the
LUMO binding-energy region.21 In both systems a substantial
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FIG. 6. (Color online) Intensity normalized ARPES data for one
monolayer NTCDA (a) on Ag(110) with hν = 36 eV at T = 100 K
and (b) on Cu(100) at T = 60 K using He IIα radiation. The red
dotted lines show the band dispersion derived theoretically for the
LUMO of a free-standing layer of NTCDA in the respective lateral
geometries. The black dotted lines show the corresponding LUMO
band dispersions for the NTCDA monolayer adsorbed on a Ag(110)
and Cu(100) slab, respectively. See text for details.
dispersion can be observed. The experimental bandwidth is
180 meV for the LUMO on Ag(110) and it amounts to a
comparable 200 ± 50 meV on Cu(100). As we have demon-
strated in a previous publication,21 the calculated bandwidth
of a free-standing NTCDA layer, using the geometry of the
NTCDA/Ag(110) monolayer, is significantly smaller than in
experiment [100 meV, red dotted line in Fig. 6(a)]. Experiment
and theory only match if the NTCDA layer is adsorbed on a
Ag(110) slab [black dotted line in Fig. 6(a)], resulting in an
enhanced bandwidth of 220 meV. Thus, the hybridization of
the NTCDA LUMO with Ag states leads to an increased lateral
delocalization and thus bandwidth of the resulting hybrid
state.56 Interestingly, a different scenario occurs if we analyze
the NTCDA/Cu(100) data along the same approach. Theory
predicts the same bandwidth of 210 meV for the more densely
packed free-standing [red dotted line in Fig. 6(b)] as for the
adsorbed layer [black dotted line in Fig. 6(b)]. In either case
the theoretical value coincides with the experiment very nicely,
thus indicating that the substrate influences the lateral band
dispersion of the LUMO only weakly.
These observations are further corroborated by two aspects.
First, the lateral band dispersion due to the direct intermolecu-
lar overlap of the LUMO wave functions is clearly expected to
be larger in the case of NTCDA/Cu(100) due to the denser
packing. Second, the substrate-enhanced lateral dispersion
of the LUMO can be assumed to be more pronounced for
NTCDA/Ag(110) due to a stronger hybridization with the
substrate as evidenced by the decreased lifetime. While no
experimental data exist for the vertical bonding distances in the
two adsorption systems, DFT calculations can provide some
valuable information. A benchmark for density-functional
theory calculations with empirical van der Waals correction
is given in Ref. 57, estimating the errors for the calculated
vertical bonding distances in a similar molecule-metal system
to about 5%. In our case the most relevant bonding distance
is between the oxygen atoms and the topmost metal atoms.
This is 2.32 A˚ for NTCDA/Ag(110) compared to 2.10 A˚ for
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NTCDA/Cu(100) (see also Refs. 58 and 59). If the different
sizes of the Ag and Cu atoms are considered, as expressed
in their respective van der Waals radii of rvdw−Ag = 1.72 A˚
and rvdw−Cu = 1.40 A˚,60,61 the so-corrected bonding distance
is in fact 0.10 A˚ shorter for NTCDA/Ag(110) than for
NTCDA/Cu(100). Although this difference is relatively small,
this may still be taken as an indication for a reduced overlap of
the NTCDA LUMO with metal states in the case of adsorption
on Cu(100). Moreover, it must be noted that the more open
(110) surface as compared to the (100) may also play a role in
the molecule’s tendency to hybridize with substrate states.
IV. CONCLUSION
In conclusion, the comparison of the two highly ordered
monolayer systems NTCDA/Ag(110) and NTCDA/Cu(100)
provides interesting insight into the complex influences of
intermolecular and interfacial bonding on the electronic
structure at interfaces. In both cases, the strong interfacial
bonding leads to a charge transfer from the metal to the
molecule. The occupied LUMO, however, shows characteristic
differences between the two substrates. The stronger coupling
on Ag(110) leads to a shorter photohole lifetime, manifested
in the larger Lorentzian contribution to the LUMO linewidth
in ARPES. The vertical bonding strength is also reflected
in the modification of the angular intensity patterns of
the LUMO, where a stronger hybridization is observed for
NTCDA/Ag(110). The latter can be attributed to a stronger
wave-function overlap between the molecule and substrate
due to the shorter vertical bonding distance on Ag(110).
Interestingly, the lateral band dispersion of the LUMO is
very similar for NTCDA/Ag(110) and for NTCDA/Cu(100),
although the prominent mechanisms are different in both cases.
While for NTCDA/Ag(110) the dispersion is substantially
mediated by the substrate, for NTCDA/Cu(100) the dispersion
occurs mainly due to the direct intermolecular wave-function
overlap, which is larger due to the denser packing.
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